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Figure 3-3 The impact ball force plate is shown in assembled condition for one of the floors 
(a); the three force transducers used to measure the input force and an accelerometer (not 
used for this work) (b); The size of the impact ball in relation to the force plate (c); and the 
force plate assembled on another floor under test (d) 

The force plate was assembled on the floors using hot glue for all the floors with a hard 
surface finish. For floors with a carpet finish, a 26 × 32 × 3 mm steel plate with a hook 
side Velcro was rubbed into the carpet and the force transducers were glued on this steel 
plate. A separate lab test showed that this mounting method does not significantly affect 
the dynamic response below 250 Hz for a mounted accelerometer with a force input on 
the floor (see Appendix A.3). It was assumed that the same would be true for force 
transducers. 

The input force was measured with the three force transducers and added in the time 
domain to get the overall force which was converted to the frequency domain using Fast 
Fourier Transform (FFT) process. A simulation model, analytical calculations, and an 
experimental modal analysis were used to verify that the modes of the force plate will not 
affect the measurement data below 2000 Hz. 
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3.1.1.3 Modal hammer 
A PCB 3lb modal hammer (PCB 086D20 [105]) was used with the PCB 08461 brown, 
soft plastic polyurethane impact tip. The modal hammer is outfitted with a force 
transducer so that the input force can be measured. The hammer was considered as a 
reference source for all the test floors and Fig. 3-4 shows the modal hammer and the 
force transducer. 

 

Figure 3-4 A PCB 086D20 modal hammer was used as a reference source for this work to 
directly measure the input force using the onboard force transducer 

3.1.2 Details of the floors tested 
To sample a variety of floor-ceiling assemblies encountered in the field, a combination of 
heavy and lightweight floors was studied. Two heavyweight reinforced concrete floors 
(referred to as HC1 and HC2), three lightweight joist-framed floors with hardwood finish 
(referred to as LH1, LH2, and LH3), and two lightweight joist-framed floors with carpet 
finish (referred to as LC1 and LC2) were studied for this work. Most of the structures 
were residential assemblies and in some cases, are old enough that either the component 
drawings weren’t available, or the owner/resident was unaware of all the construction 
details. Table 3-1 provides the details of floor constructions, where available, and Fig. 
3-5 shows a snapshot of all seven floors under test. 

Table 3-1 Floor assembly details (where available) for all floors under test 

Floor Code Floor Name Assembly details (where available) 
HC1 Heavyweight concrete Reinforced 8-in concrete slab on grade 
HC2 Heavyweight concrete Reinforced 6-in concrete on a 1/2” metal sheet 
LH1 Lightweight hardwood 2×10 joist, 16” O.C. 

3/4" sub-floor ship lap, rest unknown 
LH2 Lightweight hardwood TJI truss, 16” O.C. 

3/4” solid hardwood subfloor, rest unknown 
LH3 Lightweight hardwood 2×8 joist, 16” O.C., rest unknown 
LC1 Lightweight carpet Carpet tile finish, rest unknown 
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Floor Code Floor Name Assembly details (where available) 
LC2 Lightweight carpet High-pile carpet finish, rest unknown 

 

 

Figure 3-5 Seven floors were tested for the input force measurement with the tapping 
machine, an impact ball, and the modal hammer: Two heavyweight concrete (HC) floors 
(left), three lightweight joist-framed floors with hardwood finish (LH) (center), and two 
lightweight joist-framed floors with carpet finish (LC) (right) 

Due to equipment limitations and the test floor unavailability (in that order), floors LC2 
and LH2 were not tested with the impact ball. These floors were only tested with the 
tapping machine and the modal hammer. For all the floors, the input source was placed 
approximately in the middle of the floor structure and care was taken to move the input 
location away from heavy sources on the floor (such as a couch, bed, etc.). 

3.1.3 Data acquisition parameters 
Siemens TestLab software was used for all the force input data measurements for this 
work. The frequency resolution was 0.5 sec for a total measurement time of 2 sec. The 
bandwidth was set to 4096 Hz and seven averages were recorded for each floor with each 
input source. All measurements were triggered based on the input force channel (the 
reference channel). A force window was used for the tapping machine reference channel, 
and uniform windows were used for all other cases. 

3.2 Simulation model details 
A simulation model was created in Simcenter 3D to evaluate different sound 
measurement strategies. All the simulations were frequency-based and the time 
dependence of the sound field was ignored. The outputs were calculated based on steady-
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Figure 4-14 Test R2: Measurement coherence with all the force input methods (left) and 
the Q source (right) shows that the tapping machine has poor coherence below 
approximately 100 Hz for this floor but the impact ball and the modal hammer have good 
low-frequency coherence. Additionally, the Q source has poor coherence below 100 Hz 
but the measurement FRF shows good comparison with the modal hammer data. Poor 
coherence may be due to background vibration in the floor but the effect on the 
measurement FRF is not significant 

4.3.3 Test R3: Wood Joist-framed Assembly 
Figure 4-15 compares the direct and the reciprocal FRFs for one of the six floor/room 
combinations for assembly R3. The other five combinations are plotted in Appendix 
A.9.2. In Fig. 4-15, the direct FRFs measured with the hammer, the impact ball, the 
tapping machine, and the reciprocal FRF measured with the Q source are shown with a 
solid blue line, dotted red line, dash dot magenta, and dashed black line, respectively. All 
four FRFs compare within 2 dB of each other below 160 Hz. Note that the impact ball 
data are only plotted below 100 Hz because of poor SNR (Appendix A.9.3). The tapping 
machine shows less than 1 dB difference from the reciprocal measurements below 160 
Hz but the difference increases with higher frequencies. The modal hammer and the 
impact ball compare within 1 dB of each other but show a variation of 1 – 2 dB from the 
reciprocal measurements. For the modal hammer and the impact ball, the user has to 
stand near the impact location during the test, which is not the case for the tapping 
machine or the Q source acceleration measurements. This may mass load the lightweight 
wood structure and potentially cause some of the differences presented here. 
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Figure 4-15 The direct FRFs obtained with the modal hammer, the impact ball, and the 
tapping machine, compared with the reciprocal FRF obtained with the Q source for one of 
the six floor/room combinations show that all FRFs compare within 2 dB of each other 
below 160 Hz. The comparison was slightly better for the tapping machine (less than 1 dB) 
below 160 Hz as compared to the modal hammer and the impact ball. 

In addition to the white noise, a sine sweep signal was also played through the Q source 
for all six combinations. The FRFs obtained using the sine sweep and white noise are 
within 0.5 dB of each other and are compared in Appendix A.9.3. 

4.3.4 Test R4: Wooden Joist-framed Assembly 
Figure 4-16 shows a comparison of the direct FRFs with a modal hammer (solid blue), 
impact ball (dotted red), tapping machine (dash dot magenta), and the reciprocal Q source 
(dashed black) FRF. The tapping machine and the impact ball FRFs compare within 2 dB 
of the reciprocal FRF above 20 Hz but the comparison with the impact ball is limited 
only to 80 Hz due to poor SNR. Recall that the input force from the impact ball could not 
be measured due to equipment limitations, but Section 4.1 shows that the time and 
frequency spectra from the impact ball are similar regardless of the construction of the 
floor. The measured force autopower spectrum for the impact ball from assembly R2 was 
used to calculate the 𝑃𝑃/𝐹𝐹 FRF and compared with the reciprocal FRF. That may explain 
some of the differences between the two. 
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The conclusions from the simulation model have been used to define the final 
measurement guidelines in the next sub-section 

4.4.4 Proposed measurement guidelines based on the 
simulation model 

The simulation model shows that the ceiling and corner diagonal FRFs provide very 
similar results. For ceiling testing, additional equipment such as a tall ladder may be 
needed to place the Q source as close to the ceiling as possible. For all three diagonal 
measurement locations, the ladder needs to be moved to the new location, which often 
means bringing the Q source down, moving the ladder, and placing the source on the 
ladder again. This involves lifting a heavy Q source while climbing a ladder and may 
significantly increase the test time. Additionally, it may be difficult to place the Q source 
near the center of the ceiling because of constraints such as ceiling fans, light fixtures, 
fire alarms, etc. Some variability may exist due to the speaker location inaccuracy. 

Alternatively, for the corner measurements, the Q source can easily be placed near two 
room corners and the acceleration on the diagonal locations can be measured 
simultaneously. This reduces the total test time and doesn’t put the operator at 
considerable risk by carrying a heavy Q source up a tall ladder multiple times. 

All the models simulated have the same ceiling and floor surface area (like a stacked 
configuration) but for field tests, the room above and below may have different surface 
areas (for example a bedroom and a small office room located directly below a large open 
floor living room). In such a case, only the common floor space between the two should 
be considered. In the example above, the impact performance of the same floor-ceiling 
assembly (living room) could be perceived differently for the bedroom or the small office 
room so these cases will be studied individually by considering the common floor space 
in each case. 

The single number rating calculated based on the proposed measurement method is 
named Low-frequency Impact Response Rating (LIRR) and is calculated similarly to the 
ASTM LIR rating [39] using the sum of values in the 50 – 80 Hz OTO bands as given 
below 

 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 130−  2 ∗ 10 log10�∑ 10𝐹𝐹𝐹𝐹𝐹𝐹(𝑓𝑓) 10⁄𝑓𝑓=80
𝑓𝑓=50 �, (4-2) 

where, 𝐹𝐹𝐹𝐹𝐹𝐹(𝑓𝑓) is the measured FRF (or, RPF) in the 𝑓𝑓 (Hz) frequency band. The number 
‘130’ is an arbitrary selection made to get the LIRR numbers in a similar range as 
compared to the ASTM LIR ratings. 

For any test assembly, follow the following steps: 

1. Identify the common floor space shared by the upstairs and the downstairs room 
2. Identify the two longest floor diagonals in the common floor space 
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Figure 4-31 Test O2: The upstairs dining space (red) and the downstairs room (blue) have 
different floor areas. The upstairs space is open to the kitchen on one side and the living 
room on the other. The test area was selected based on the natural partitions in the house 
such as a kitchen counter and the wall between the kitchen and the living room (dashed red 
lines). The measurement locations (magenta cross marks) were selected based on the 
common area between the upstairs and the downstairs space 

For assembly O2 with the Q source placed near the ceiling, the cross averaged RPF and 
the two diagonally averaged RPFs compared within 1.5 dB below 100 Hz and the 
variation increases with frequency (see Appendix A.11.2). Both room diagonals have the 
same length and one of them was selected to get the ‘final’ ceiling RPF. 

With the Q source placed near the corners, the 𝐴𝐴/𝑄̇𝑄 RPFs from the cross configuration 
are within 1 dB of the diagonal RPFs (see Appendix A.11.2) and only the diagonal 
arrangement is used for this section. The four total two-corner combinations showed less 
than 1 dB standard deviation below 400 Hz. Two corners were randomly selected to get 
the ‘final’ corner RPF and is compared with the ceiling RPF in Fig. 4-32 using the solid 
red and the solid blue lines, respectively. Both RPFs compare within 1.5 dB in the 50 – 
125 Hz OTO band range. The Q source is approximately 140 mm from the ceiling due to 
the ladder height restrictions and may explain some of the differences observed here. 
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Figure 4-32 Test O2: The corner Q source RPF (red) compared with the ceiling Q source 
RPF (blue) shows less than 1.5 dB difference in the 50 – 125 Hz OTO bands. Some 
differences may be explained due to the distance between the Q source and the ceiling (140 
mm) which will lead to reduced floor acceleration for the same measured speaker Q value 

A modal hammer with microphones in the receiving room was also used to get the direct 
FRFs. The ‘average’ corner and ceiling direct FRFs were obtained the same way as the 
reciprocal RPFs and the two are compared in Fig. 4-33. The comparison for the ceiling Q 
source/ mic location FRF/RPFs is shown on the left, and the corner placement results are 
shown on the right. The ceiling data show a maximum difference of approximately 1.5 
dB above 50 Hz and the corner data show a maximum difference of approximately 2 dB 
above 50 Hz. Recall that the automotive industry generally considers up to 3 dB 
differences between the direct and reciprocal FRF/RPFs as acceptable. The reciprocity 
theory is applicable and the Q source can be used to get the impact performance of the 
floor. For this assembly, the diagonal RPF obtained using two random corner Q source 
locations has been used as the ‘final’ performance RPF. 
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Figure 4-33 Test O2: The direct FRFs measured using a modal hammer and the reciprocal 
RPFs measured using the Q source for the ceiling locations (left) show a maximum 
difference of approximately 1.5 dB above 50 Hz. For the corner locations (right), the 
maximum difference observed is approximately 2 dB above the 50 Hz OTO band. 

4.5.1.3 Test O3: Wooden joist-framed assembly with carpet finish 
The downstairs room (blue lines in Fig. 4-34) has a closet (dashed lines) and a coupled 
space (bottom left corner) and the room size is different than the upstairs room (red lines 
in Fig. 4-34). The common floor space between the two rooms was selected as the ‘test 
space’ used to draw the two room diagonals (cyan lines) and the five measurement 
locations in the cross configuration (magenta cross marks). The Q source was placed at 
the four room corners (black cross marks), including the corner near the thin wooden 
closet door. Note that the Q source was also placed near the corner in the coupled space 
(black cross mark at the bottom left corner in Fig. 4-34) even though the coupled space 
was not used to get the measurement locations. 
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Figure 4-34 Test O3: The upstairs room (red) and the downstairs room (blue) with a 
coupled space (bottom left corner) have different room sizes. The common floor space was 
used to get the five cross configuration measurement locations (magenta cross marks). The 
Q source was placed near all the room corners (black cross marks) 

The house was inhabited by a family with young children and the residents tried to stay in 
the other side of the house during the test. Some variability due to children running or 
jumping and people talking may be present in the measurement data. The HVAC system 
was also running normally so some effect of background noise may be present. 

Both rooms were carpeted and a metal piece with Velcro (see Section 3.1.1.2) was used 
to mount the accelerometers in a non-destructive manner on the floor. To verify this 
mounting method, the reciprocity of the test assembly was evaluated as shown in Fig. 
4-35. Solid blue and solid red lines are used to represent the direct FRFs and reciprocal 
RPFs, respectively. The left and right plots compare the reciprocity of the overall ceiling 
and the overall corner FRF/RPFs. A good comparison is observed below 40 Hz but 
approximately 2 – 3.5 dB difference is observed from 50 – 80 Hz. This may be because 
of improper mounting strategy used for the accelerometers with the metal Velcro piece. 
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Figure 4-35 Test O3: The direct FRFs and reciprocal RPFs compared for the overall ceiling 
and overall locations show a difference of approximately 2 – 3.5 dB from 50 – 80 Hz which 
may be due to accelerometer mounting issues on the carpet with the metal Velcro piece 

The narrowband spectra for the direct FRFs and the reciprocal RPFs (blue and red curves, 
respectively) for the ceiling and corner locations are compared in Fig. 4-36 (left and right, 
respectively). The reciprocal RPFs followed the profile of the curve but showed higher 
amplitude from approximately 40 to 100 Hz frequencies. This may be because of the 
accelerometer mounting method used for this test. 

 

Figure 4-36 Test O3: The narrowband spectra comparison for the direct FRFs and the 
reciprocal RPFs showed that the reciprocal RPFs followed the general shape of the curve 
but showed higher amplitudes from 40 to 100 Hz which may be because of the metal Velcro 
mounting method used for the accelerometers 

During an impact with the modal hammer for the direct FRF measurements, the carpet 
fibers will compress (for the area under impact) and may create a more direct path for the 
force. This may not be the case for a sound energy impact on the ceiling using a Q 
source. For the Q source, the measured acceleration may be dependent solely on the 
quality of the grip from the Velcro hook side with the carpet fibers, which may be the 
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5 Discussion 
The input force due to an impact depends on the combined impedance of the impacted 
surfaces. If the impedance of one of the two objects is much higher than the other, the 
overall impedance is controlled by the object with the lower impedance. The tapping 
machine impactor is made of hardened steel [77] which has a much higher impedance 
than the floors under test, especially lightweight joist-framed floors. Therefore, the 
impact force from the tapping machine varies widely based on the type of floor. A 38 dB 
variation was observed from the seven floors tested for this work. 

The ISO impact ball is made of rubber [77] and the impedance of rubber is much lower 
than the floor-ceiling assemblies. The input force is generally controlled by the 
impedance of the rubber ball, which remains unchanged for all floors tested. Therefore, 
less than 1.5 dB variation was observed in the peak level input forces with the impact 
ball. However, the impact ball fails to excite the floors above 100 Hz and is not a part of 
the ASTM standards. 

The force from the footstep impacts also depends on the overall impedance of the foot 
and the floor assembly. With hard-heeled shoes, the input force will be dependent on the 
compliance of the floor (similar to the tapping machine) and for barefoot impacts, the 
input force may have low variation for all the assemblies (similar to the impact ball). 
Footsteps also suffer from inherent variability from one person to another. With such a 
variation, it becomes important to scale the output with the input to get an FRF-like 
quantity to quantify floor-ceiling assemblies. 

An FRF-like measurement would also account for the tapping machine input force 
variability. However, currently, there is no provision in the standards to measure the input 
force from the tapping machine and an FRF measurement cannot be made. A reciprocity-
based measurement method is presented in this work. The guidelines for this method are 
defined in Section 4.4.4 

Note that the wood joists used in the simulation model are spaced at 19” O.C., but the 16” 
O.C. assemblies are more common for real structures. The joist span used in the 
simulation model was selected such that an integer joist spacing could be used throughout 
the simulated floor, which was not possible with the 16” O.C. design choice. The 
conclusions drawn in this work using the 19” O.C. simulation model should be valid for 
the 16” O.C. real structures as the narrower joist span (16” versus 19”) shifts the local 
modes of the assembly to higher frequencies. It is expected that results for varying joist 
spacing will not differ significantly from the results shown here.  

The Q source in the downstairs room can be set up with a stand-alone signal generator. 
The volume acceleration autopower spectrum can be measured separately and can be 
used with the measured floor acceleration autopower spectra to get the 𝐴𝐴/𝑄̇𝑄 RPFs. A long 
BNC cable would not be required between the upstairs and downstairs room and only 
three acquisition channels would be needed for the three diagonal locations for the test. A 
white noise or a sine sweep signal will give good precision. Currently, this method is 
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only limited to floors with a hard surface finish since a methodology to mount 
accelerometers on carpet floors has not been developed. 

A normal speaker (non-Q source speaker) may be used for the test if it acts as a 
monopole in lower frequencies. The sound power of the speaker can be measured in an 
anechoic chamber and the monopole relationship can be used to calculate the volume 
acceleration relationship with the input signal level. During the test, speaker 𝑄̇𝑄 can be 
calculated based on the measured input signal level. This was not explored for this work 
and is part of the future scope. 

Note that according to the reciprocity principle, the guidelines discussed above can be 
followed to get a 𝑃𝑃/𝐹𝐹 floor performance FRF if a known input force is used. The 
disadvantage of direct versus reciprocal measurements is that the hammer force needs to 
be acquired simultaneously with the microphone signals and a long BNC cable would be 
required to connect the transducers in the upstairs and the downstairs room. A data 
acquisition system with at least four input channels is required. For carpet floors, the 
accelerometer mounting method has not been developed yet so direct 𝑃𝑃/𝐹𝐹 FRF may be 
required to evaluate the performance of such floors. 

It is important to discuss the overall cascading error of the proposed measurement 
method. If the measurement points are selected within 250 mm (approximately 10 inches) 
of the recommended locations, less than 0.5 dB errors can be expected. The test data from 
three structures showed that approximately 1 dB error may exist based on the random 
room corners selected for the Q source placement. The overall variability of the test 
method is approximately 1 – 1.5 dB if different test engineers select different room 
corners or different floor measurement locations (within 10 inches). This is a significant 
improvement when compared to the 4 – 10 dB variation observed in the literature [32]. 

The existing ASTM ISR rating is based on the radiated SPL measurements and an FRF-
like quantity between the output SPL and input force is not calculated. The RPF results 
from the proposed method in their current state cannot be compared with the old ASTM 
data. The number ‘130’ used to calculate the LIRR rating is selected to get the numbers 
in a similar range as the LIR rating but a direct conversion between the two cannot be 
established currently. Over time, however, as more assemblies are tested with the 
proposed method and the existing ASTM method, patterns will emerge that will allow the 
researchers to develop a relationship between the two. This was not included in this work 
and is considered part of the future research goals. 

An infinite number of assembly combinations may exist in the field (based on the layout 
of the rooms, coupled spaces, room dimensions, floor construction, etc.) and it is 
impossible to cover all our bases for this work. Three field assemblies and five simulation 
assemblies were studied but it is recommended that the field test engineer take copious 
notes while performing the test. The Q source and the floor accelerometer locations 
should be clearly marked in the final report so that the variability of the test method can 
be low. A detailed report is preferred but a separate ‘overview’ report might be needed at 
times to communicate with the clients. 
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6 Conclusions and Future Scope 
The tapping machine showed a 38 dB variation in the peak force levels for the seven 
floor-ceiling assemblies tested. This force variation is not accounted for in the current 
ASTM standards or the building codes. For one of the seven floors, a poor signal to noise 
ratio was observed above 70 Hz. Recall that the lowest frequency OTO band studied for 
the ASTM ISR rating defined in the building codes is 100 Hz and this floor was poorly 
excited for the entire bandwidth. The impact ball showed a 1.5 dB variation in peak force 
levels for all the floors tested but it’s a poor impactor for frequencies above 100 Hz. 

The simulation model showed that the forward propagating intensity method can reduce 
the effects of the reflected sound field on the measured surface but the results are still 
approximately 1 – 5 dB different when compared to a free-field assembly sound power. 
Additionally, the intensity method involves specialized equipment (intensity probe), long 
test times (to measure the intensity at discrete points near the ceiling), and may suffer 
from higher measurement variability (based on operator error for discrete point 
measurements). Most of the field tests are meant to be fast to reduce the inconvenience 
for the residents and the intensity method may not be a practical choice of measurements. 
Therefore, the intensity method was not explored any further. 

The reciprocity method can be used to get the floor performance FRF similar to the 
automotive industry. A total of nine tests on four floor-ceiling assemblies showed that the 
reciprocal and the direct FRFs show a good comparison in the low-frequencies. 

Three measurement points aligned along the room diagonal provide reciprocal RPFs 
within 1 – 2 dB of the baseline and can be used to represent the performance of the entire 
floor. Measurement guidelines are defined in the main text and if the acceleration is 
measured within approximately 250 mm (10 inches) of the accurate points, a 0.5 dB 
maximum error can be expected. The Q source for the measurements can be placed near 
the ceiling or near a room corner to get similar performance RPFs but corner 
measurements are preferred as they require reduced test time and effort. The Q source is 
placed near two room corners and the diagonal RPF results are averaged. Reproducibility 
errors of 1 – 1.5 dB can be expected for the proposed method based on user error (picking 
Q source corners or acceleration measurement locations) as compared to 4 – 10 dB error 
from the literature with the current measurement method in low-frequencies. Note that an 
uncertainty analysis was not performed since it requires the same assembly to be tested 
multiple times. It was considered out of scope of the current research but will be 
considered for future work. 

In the future, the applicability of using a non-Q source speaker will be evaluated if the 
speaker can be assumed to behave as a monopole source in low frequencies. Non-
destructive accelerometer mounting strategy on carpet floors will also be developed for 
reciprocal testing. As more assemblies are tested, patterns will be identified to relate the 
existing ASTM ISR and LIR ratings to the proposed LIRR rating. A subjective evaluation 
would be conducted to relate the resident annoyance due to footstep noise for different 
assemblies with the LIRR rating rank order. The effect of room absorption and 
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furnishings will also be evaluated with the corner reciprocal measurements and a 
potential reverberation-time normalization procedure will be developed. 
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Figure A-3 The frequency spectra from a single impact test (solid blue) compared to the 
frequency spectra from a continuous impact test (solid red) shows high variation with the 
continuous data. The higher levels for the red curve are also observed as a greater number 
of impacts are present in the measurement window. 

A.3 Non-destructive accelerometer mounting on carpet 

 

Figure A-4 The red curve was the FRF obtained by supergluing an accelerometer on carpet 
(destructive testing) and the blue curve was obtained using the accelerometer mounted on 
a 26 × 32 × 3 mm steel piece with hook side of Velcro on the carpet (non-destructive 
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A.9.2 Additional SoRe and ReSo combinations for Test R3 
For this test, six SoRe and ReSo combinations were tested. The direct and reciprocal 
FRFs from one of the six combinations is compared in Section 4.3.3 and three are shown 
in this section. The other two combinations show a similar comparison and are not shown 
here. 

 

Figure A-19 The modal hammer and the impact ball FRF compare within 2 dB with the 
reciprocal measurements for the entire frequency bandwidth for combination 2 (test R3) 
but the tapping machine shows an approximate 3.5 dB difference in the 50 Hz OTO band, 
possibly because of low input force levels with the tapping machine. Overall, a good 
comparison is observed between the direct and the reciprocal measurements. 
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Figure A-20 The direct FRFs with the modal hammer, impact ball, and the tapping machine 
for combination 3 (test R3) compare within 2 dB of the reciprocal FRF measured with the 
Q source except for the impact ball at 80 Hz OTO band which may be because of poor 
SNR with the impact ball near the 80 Hz OTO band 

 

Figure A-21 The direct FRFs with the modal hammer, impact ball, and the tapping machine 
compare within 3 dB of the reciprocal FRF measured with the Q source for combination 4 
(test R3) for the entire frequency bandwidth 
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A.9.3 Supporting plots for Test R3 

 

Figure A-22 The radiated SPL due to impact ball drops (blue lines) are compared with the 
background levels (red line) to show that the SNR was poor above 100 Hz and the 
measurement may be affected by background noise. Other impact locations showed a 
similar behavior. As a thumb rule, at least 10 dB SNR is considered acceptable. The direct 
FRF from the impact ball are not plotted above 100 Hz 
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Figure A-23 The 𝐴𝐴/𝑄̇𝑄 FRFs obtained using a white noise and a sine sweep signal played 
through the Q source for SoRe/ ReSo combination 3 shown with sold blue and dashed red 
line, respectively. Less than 0.5 dB variation is observed above 25 Hz and only the white 
noise data was used for comparison with the direct FRFs 

A.9.4 Supporting plots for Test R4 

 

Figure A-24 The measured floor acceleration due to the Q source input (blue lines) 
compared with the background floor acceleration (red line) shows that the SNR for the 
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measurement is poor for some of the averages and this may affect the comparison of direct 
and reciprocal FRFs for this assembly. As a thumb rule, SNR of 10 dB or higher is 
considered acceptable. 

 

Figure A-25 The radiated SPL due to modal hammer impacts (blue lines) compared to the 
background noise (red curve) show more than 10 dB SNR below 100 Hz. The SNR falls at 
approximately 100 Hz and the radiated SPL is almost the same level as the noise signal. 
Background noise may affect measurement data at approximately 100 Hz. This may partly 
explain the 4.5 dB difference observed between the hammer FRF and reciprocal FRF. 
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Figure A-26 The measurement coherence for the Q source for test R4 is poor in low-
frequencies, especially at approximately 105 Hz which may cause the higher differences 
observed between the direct and the reciprocal FRFs in the 100 Hz OTO band 

A.10 Additional plots for reciprocity simulation models 

 

Figure A-27 The baseline 𝐴𝐴/𝑄̇𝑄 FRF (solid red) compared with the diagonal FRF of the 
main floor (dashed blue) and the entire floor (solid blue) showed less than 1.5 dB difference 
except at the 100 Hz OTO band where the entire floor FRF differs by approximately 1.8 
dB for the CS concrete structure when the Q source is placed near the ceiling. Only the 
main floor diagonal can predict the performance of the floor 
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Figure A-28 The baseline 𝐴𝐴/𝑄̇𝑄 FRF (solid red) compared with the diagonal FRF of the 
main floor (dashed blue) and the entire floor (solid blue) showed less than 0.5 dB difference 
from the 40 – 80 Hz OTO bands for the BW concrete floor when the Q source is placed 
near the ceiling. The main floor and the entire floor FRF showed a difference of 
approximately 2.3 dB and 4.5 dB at 100 Hz OTO band when compared with the baseline 
FRF 

 

Figure A-29 The baseline 𝐴𝐴/𝑄̇𝑄 FRF (solid red) compared with the diagonal FRF of the 
main floor (dashed blue) and the entire floor (solid blue) showed less than 1.5 dB difference 
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for the CS concrete structure when the Q source is placed near a corner. Only the main 
floor diagonal can be used to predict the performance of the floor 

 

Figure A-30 The baseline 𝐴𝐴/𝑄̇𝑄 FRF (solid red) compared with the diagonal FRF of the 
main floor (dashed blue) and the entire floor (solid blue) showed approximately 1 – 1.5 dB 
difference for the BW concrete floor when the Q source is placed near a room corner. Only 
the main floor space can be used to study the performance of the entire floor 
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Figure A-31 The ceiling Q source correction needed based on the distance from the ceiling 
for two randomly selected measurement points on the CS wood-joist and BW concrete 
floor shows that the correction needed is different for different structures. Two points on 
the same structure can also provide different correction factors based on the distance of the 
Q source from the ceiling. If the speaker is placed far away from the ceiling for field testing, 
the FRFs can not be corrected from the simulation model 

A.11 Additional plots for the Proposed method tests 
A.11.1 Supporting plots for Test O1 

 

Figure A-32 Test O1: Q source placed near the ceiling (left) and near the corners (right). 
The two diagonal RPFs (dashed red) with the ceiling Q source locations show a comparison 
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of less than 1.5 dB for the entire frequency bandwidth shown and compare well with the 
overall cross RPF (solid blue) measurements. This shows that only one diagonal can be 
used for the measurements with the ceiling location (left). All possible combinations of 
RPFs obtained by placing the Q source at two room corners are shown on the right. 
Maximum 1 dB standard deviation is observed between all combinations showing that 
using two randomly chosen corners is acceptable 

 

Figure A-33 Test O1: The cross (solid) and diagonal (dashed) averaged RPFs for two 
corners (blue and red lines) compared within 1 dB of each other so only three diagonal 
locations can be used to get the corner Q source RPF. Other two corners showed a similar 
performance and are not shown here 

A.11.2 Supporting plots for Test O2 

 

Figure A-34 Test O2: Q source placed near the ceiling (left) and near the corners (right). 
The two diagonal RPFs with the ceiling Q source locations show a comparison of less than 


